INTRODUCTION
Nano/micro-scale systems have attracted tremendous attention in recent years because of its potential to make profound impact in a wide spectrum of engineering applications and engineering practice. Progress in research has been impressive, but while the initial impact was limited, higher impact applications (goods and services) should be * Author to whom correspondence should be addressed. expected in next decade. In the coming years, we expect that entry-level engineers will be needed with the required design, analysis, and manufacturing skills for the development of nano/micro-systems, in addition to knowledge and expertise in their own majors. Our chief objective in developing this course (ME 591 Nano/Micro-Scale Systems Engineering) was to provide Clarkson undergraduate and graduate students with meaningful learning experiences and technical backgrounds required for entry-level positions in nano/micro-scale engineering and research.
Concerted national efforts in nanotechnology education began nearly a decade ago through support from the U.S. National Science Foundation (NSF) (National Science and Technology Council, 2000; Roco, 2002; Zheng et al., 2009) In 2003, the Nanotechnology Undergraduate Education (NUE) program was established, with a goal of integrating nanoscale science, engineering, and technology into undergraduate engineering curricula (Nanotechnology Undergraduate Education, 2007) through a variety of interdisciplinary approaches. With NSF support, concepts and fundamental phenomena of nanotechnology have been integrated into general chemistry and physical sciences courses during the freshman and sophomore years. Some universities have started to offer advanced courses with significant nanotechnology content, e.g., Advanced Quantum Devices at the University of Notre Dame; Micro-/Nanoscale Mechanics, Nanostructured Materials and Interfaces, and Nanostructures in Science and Technology at the University of Wisconsin-Madison (Crone et al., 2003) ; and Principles of Materials Engineering and Materials and Manufacturing Selection in Design at Texas A&M University (Froyd et al., 2004) .
As a first step in developing this course, based on our own research/teaching experience and a literature review, we have identified a set of key challenges in teaching the engineering and design of nano/micro-scale systems:
(i) the subject matter is an evolving active research and development area, so new information becomes available every day, (ii) it is a multidisciplinary topic, making it difficult to determine a focus area (i.e., manufacturing/fabrication vs. design and systems engineering), (iii) teaching such a course requires high cost tools and facilities and expertise unavailable at most universities, (iv) manufacturing/fabrication tools used in industry are often ill suited for trial-and-error and learning activities, as they are developed for mass fabrication (i.e., semiconductor chips).
To overcome and address some of these instructional challenges, we felt the first step is to create a conceptual instructional framework for the development of a course in nano/micro-scale systems engineering. Our approach to address the infrastructure challenge at Clarkson University is to collaborate with the Cornell NanoScale Science & Technology Facility (CNF) at Cornell University (http://www.cnf.cornell.edu/). CNF is part of the National Nanotechnology Infrastructure Network (NNIN), an integrated and networked partnership of user facilities to provide services and facilities for addressing the technical needs of the nanoscale scientific and technical communities (http://www.nnin.org/ 
THE COURSE
At the nano-and micro-scale, systems often behave differently from those at macro-and meso-scale due to the unique physics and chemistry at these length scales. Our course uses sensors as model systems to explore the micro/nano-scale world and required fundamental knowledge and technical skills. The novelty of our course development approach stems from the way three key ideas are synthesized: (i) time and length-scales need to be considered together in a modern nano/micro-system design, (ii) design-by-analogy approach for man-made versus biological systems to better understand the engineering possibilities and opportunities, (iii) virtually no direct human experience, leading to intuitive understanding of the world around us at nano/micro-scale, exists, so design and development must rely on indirect observations, measurements, and principles, (iv) relatively limited design and engineering experience at these length-scales, resulting in a need for trial-and-error and experimentation, and (v) basics of a proposed taxonomy for the objects, Hierarchy-of-Objects, and their vertical integration for practical engineering applications to overcome the heterogonous backgrounds of the students from various departments.
The course topical outline is as follows: (1 Due to its strongly integrative, complex and interdisciplinary nature, engineering at the nano/micro-scale naturally falls into the domain of systems engineering. While this course is not a systems engineering course, the students are introduced to a systems approach at lectures for systematically analyzing and understanding especially nano/micro-scale biological systems. Systems engineering is an interdisciplinary field of engineering focusing on how complex engineering projects should be designed and managed (Heywood, 2005) For this reason, educational programs in systems engineering are taught by faculty from multiple engineering departments, which creates an interdisciplinary environment (Kossiakoff et al., 2011; Blanchard & Fabrycky, 2012) . Defining and characterizing complex systems and their interactions is one of the goals of systems engineering. In developing the course, such requirements for engineering nano/micro-scale systems were taken into consideration.
First, we provide an overview of the course, its components, objectives and intended outcomes. The development effort for this course is based on the experience gained in the development of a previous graduate level course (Cetinkaya, 2006 (Cetinkaya, , 2007 . The course consists of three main components to address its educational objectives (discussed below): (i) lectures developed and delivered by a multidisciplinary team at Clarkson University, (ii) a hands-on workshop for experience with cleanroom and fabrication facilities, and (iii) the testing and characterization of the micro/nanostructures at Clarkson University.
A course web page is developed and used as a dissemination tool. The second component has been designed and implemented through collaboration with the NNIN Cornell CNF facility as a hands-on workshop for Clarkson students. A floor plan of CNF is included at the CNF website (http://www.cnf.cornell.edu/). A video clip reporting the activities of the CNF Workshop and Clarkson visit is available at the CNF website (http://www.cnf.cornell.edu/). The process steps and test cantilever beam sensing elements are depicted in Figures 1 and 2. These processes have been developed and perfected over the years since the inception of the course. In the first three years of the program (2007) (2008) (2009) , the course included a series of teleconferences with the CNF staff, but, as the process became mature and better understood by the course instructors, the overview of the process steps prior to the CNF Workshop are covered at Clarkson. Currently, the duration of the trip is 2 full-days. The testing and characterization of the cantilevers and rotational disks made at CNF are conducted in Photo-acoustics Research (PAR) Laboratory at Clarkson University. In Figure 3 , the results of the testing and characterization of the samples are depicted. The key objective of this experimental effort is to determine the resonance frequencies of these microstructures and to relate them to their mechanical properties and defect states.
The 
Instructional and Institutional Objectives
A declaration of course objectives is often recognized as a first step in curriculum development (Heywood, 2005) . Various specific course objectives can specified from three different perfectives, i.e., instructional/intellectual objectives, course learning outcomes, and institutional objectives, as summarized below. The main instructional objective of our course is for Clarkson undergraduate students to become competent in the problems faced in the design, analysis, simulation and implementation/fabrication of nano/micro-scale systems. From the very beginning, the specific instructional/intellectual objectives of this nano/micro-engineering course are:
(1) Students will be able to link meso-scale engineering to micro/nano-scale engineering; (2) Students will compare/contrast/evaluate nano/microscale engineering applications; (3) Students will use the computational/design tools available for nano/micro-scale engineering, and will know their limitations; (4) Students will use fabrication facilities to implement micro-scale designs.
In addition to these educational/instructional objectives, the chief institutional course objective is to create a cadre of undergraduate and graduate students trained in both theoretical and practical aspects of design and fabrication of nano/micro-scale systems. Most students are either conducting or planning to conduct research, or are considering careers in the area of micro/nano-technology. The specific course learning outcomes for the course are as follows: (1) Students will develop the ability to understand engineering problems, particularly relating to sensor systems at the micro-and nano-length scales; (2) Students will learn how to effectively utilize the available (computational and fabrication) tools and procedures to design, analyze and implement micro/nano-scale systems (e.g., sensor systems); (3) Students will be able to organize small goal-oriented teams to implement a hands-on project, interact with fabrication professionals and develop a technical report, all in a professional manner; (4) Students will gain the ability to identify and analyze the underlying social, ethical, legal, and cultural consequences of micro/nano-scale systems and manipulation of matter at these scales. (5) This knowledge and background will be applied to sensor systems, so that students gain a comprehensive understanding of engineering systems, rather than simply learning the individual fabrication steps.
The development of infrastructure (e.g., cleanrooms, metrology and fabrication facilities) and the employment of support staff have clearly played a crucial role in the development of nanotechnology research programs in large institutions. On the other hand, smaller institutions are in a disadvantaged position in terms of infrastructure and support. One of our objectives of this course program is to mitigate such limitations for small schools, and for schools in remote locations. Accordingly, we have identified the following as our institutional objectives: (1) Provide undergraduate students with nano/micro-scale sensor systems engineering experience to expand their career possibilities; (2) Create a cadre of students who can use and utilize cleanrooms and micro/nano-fabrication facilities; (3) Create a pool of talent, expertise, and experience to facilitate entry into undergraduate student research projects at Clarkson University. This multi-disciplinary course provides a unique intellectual experience and opportunity with a hands-on
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A Conceptual Framework for the Development of a Course in Nano/Micro-Scale Systems Engineering Fig. 2 . SEM images of the sample micro-scale structures (microcantilever beams and free-suspending rotational disks) fabricated during the CNF workshop.
component for a number of undergraduate and graduate students at Clarkson University. A number of innovative ideas and pedagogical approaches are included in the course such as utilization of remote facilities, teamteaching of multi-disciplinary topics, linking meso-scale engineering to engineering at the nano/micro-scales, and a fabrication model based on an analogy between the traditional machine shop operations (meso-scale) and the access to a modern fabrication facility (nano/micro-scale).
The course is designed to be constantly fresh, since it continuously compiles and implements the most recent advances in nano/micro-scale systems engineering. The A Conceptual Framework for the Development of a Course in Nano/Micro-Scale Systems Engineering Cetinkaya et al. use of sensors as example applications to link the nano-scale (molecular world) to the micro-scale world (micro-cantilever beams and rotational oscillators) will provide a compelling topical focus.
Collaboration
An integral component of the Nano/Micro Scale Systems Engineering NUE program at Clarkson University is the collaboration with CNF at Cornell University, Ithaca, New York (http://www.cnf.cornell.edu/). While classroom instruction and the related assignments provide the students with a strong conceptual framework to draw upon, it cannot provide a first-hand understanding of the nuances involved in the manufacture of nano/micro scale features. Furthermore, the costs associated with a nano/micro scale systems fabrication facility prevent many universities from providing this first-hand experience to their students. Through collaboration with CNF or other NNIN facilities, students from geographically remote institutions can see how analysis tools are used to guide a production process from start to finish. Specifically, students are shown how to extract and interpret information from these tools to modify the original process plan to account for difficulties encountered during production. Students are also presented with test wafers that demonstrate the importance of specific processing steps, such as critical point drying, in the manufacture of MEMS based devices. The disciplines involved in this course development project were carefully chosen to include those needed to understand the fabrication and performance of nanoengineered sensor systems. Each faculty member has provided the course with a one-week module in a specific research field, ranging from nanomechanics to biochemical sensors. The PI (Cetinkaya) has expertise in acoustic sensors, where the active sensing element is best understood through mechanical analysis (Ricci & Cetinkaya, 2007; Ban et al., 2006) . However, for many applications it is advantageous to chemically modify the active sensing element at the nanoscale level. For example, modification of acoustic sensors with nanoscale protein films allows highly sensitive and specific analyte detection in biosensors. One of the co-authors (Suni) has experience in creating such nanoscale protein films for biosensor applications (Suni, 2008; . In addition, many sensor applications require the development of sensor arrays, where many analytes or many phenomena are detected simultaneously, an approach often within the purview of electrical engineers. A number of faculty from various departments and professionals from industry have developed modulus for the course:
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CONCEPTUAL FRAMEWORK FOR HETEROGENEOUS STUDENT BODY: HIERARCHY-OF-OBJECTS
Since the first introduction of the NNIN, its education component has been a source of intense debate and discussions in NSF (Cetinkaya, 2004 (Cetinkaya, , 2003 sponsored workshops. In engineering education, the focus of discussion was often on the required depth and breadth of background knowledge, ranging from quantum mechanics to advanced processing of novel materials. This is problematic for a traditional engineering curriculum, with systematic coverage posing unusual challenges due to the multiplicity of required backgrounds. In addition to the infrastructure challenge, the lack of a pedagogical framework was also recognized to be one of the main challenges for developing such a course by the PIs of our NUE program. When the graduate student version of the course was introduced in 2005, the PI (CC) quickly recognized the need for a unifying framework to engage students from various departments and research interests with diverse backgrounds and interests. After discussions with the graduate students in class and their academic advisors, the PI solidified the basics of an approach that we now call Hierarchy of Objects. This approach is based on the fact that every system regardless of its length-or time-scale is integrated within a larger system, and its function and complexity defines its place in the integration scheme. Materials are at the bottom of this hierarchy, and an infrastructure is placed at the top. In our Hierarchy-of-Objects approach, we have identified a series of levels within this integration approach: Level 1 is "Materials," the "building blocks" of the nano/micro-world that can be manipulated and shaped to create forms. Today the atom is often assumed to be the smallest unit that can be manipulated by engineers. Examples of Level 1 objects include atoms, molecules, material phases, and DNA/proteins. Level 2 is "Fabrics/Patterns," which are repeating configurations made of ordered Level 1 objects. They are often created and shaped using chemical and biological processes. Examples include lattices (graphene), patterns (group of atoms/molecules), grains, layered nanocomposites, DNA, foams/sponges, and bone/nacre. Level 3 is "Objects/Structures" with finite, dimensions and shapes. These are made of Levels 1 and 2 objects by various fabrication methods and/or biological syntheses.
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Examples include microcantilever beams, microparticles, nanoparticles, nanotubes, buckyballs (C 60 , quantum dots, cell membranes, and cytoskeletons. Level 4 is "Devices," self-contained system performing a "simple/single" task. Examples include transistors, sensor elements, electronic memory units, photocells, batteries, cantilever beams, flagellae, ribosomes, and viruses. Level 5 is "Systems," consisting of Level 1 = 4 objects integrated to perform a set of specific, complex tasks. Examples include CPU chips, bio-sensors, MEMS devices, SAW filters, lab-on-chip devices, microphones, and biological cells. Level 6 is "Infra-structures," a superstructure formed by connecting systems of a large number of objects and subsystems. Infra-structures consist of objects at all levels (Levels 1-5) with complex interconnectivity. The national electrical grid, the interstate highway system, telecommunications networks, and hospitals are examples of infrastructure.
RESULTS AND DISCUSSION
The two key results of the reported experience are that (i) we have demonstrated that a hands-on nanotechnology course can be developed and implemented in a small research-oriented university lacking on-site fabrication facilities and expertise, and (ii) we have developed a novel framework (Hierarchyof-Objects) and comparative analysis of man-made world versus nature for attracting and satisfying the needs of students from various departments and heterogeneous backgrounds who are interested in nanotechnology and nano/micro-scale systems.
We believe that our approach outlined here can serve as a model for educational instructions with limited access to a nano-fabrication infrastructure. Teaming up with an external site, the Cornell Nanoscale Science and Technology Facility (CNF), was the key to our success in effectively overcoming the infrastructure challenge and providing our undergraduate and graduate students with valuable hands-on experience and exposure to a state-ofthe-art facility. This program has given numerous students the hands-on experience that helped them to obtain positions at various technology firms, including Intel, IBM, Micron, Global Foundries, Varian Semiconductor, and Seagate.
During the course development experience, we quickly realized that one challenge, due to the multidisciplinary nature of the subject matter, was defining a common focus area that would capture the attention of the diverse student body interested in taking this course. Many students targeted jobs at semiconductor industry, while others were interested in diverse fields of research from biosensors to nano/micro-particles. The framework (Hierarchyof-Objects) and comparative analysis of man-made world versus nature helped effectively address these challenges. This framework provides (i) a forum to systematically discuss various man-made or biological systems and the associated governing physical laws, (ii) an opportunity to discuss form and function within the context of engineering design of nano/micro-scale systems, (iii) discussions of the length-and time-scales important in nano/micro-scale engineering systems, (iv) a broader framework as to how nano/micro-scale systems are integrated with the meso-and macro-scale systems.
We believe that the development effort for this multidisciplinary, nano-engineering undergraduate course at CU can serve as a model for similar small institutions with limited or no access to a nanotechnology infrastructure (tools and personnel). It is apparent that such institutions with limited or no infrastructure are seriously disadvantaged in nano-scale engineering education. As various critical applications are being developed in industry, the need for a competitive workforce with interdisciplinary exposure in the nanotechnology area has been growing around the globe. We believe the experience gained and results obtained in the course of the implementation of the proposed program will inspire and excite faculty at small institutions in the USA and elsewhere to educate their students pursuing nanotechnology careers. This workforce will create new classes of exciting products and services in a wide spectrum of areas from healthcare to energy systems. Due to its integrative teaching structure, the course development effort also serves as an opportunity to bring together researchers from different departments across the CU campus interested in nanotechnology. Additionally, the program includes a Researcher Experience for Teachers (RET) component, where a high school biology teacher performed a summer research project at Clarkson, and developed a module for a high school biology course.
CONCLUSIONS AND REMARKS
The development and implementation of a multidisciplinary nano/micro-scale systems course for upperlevel undergraduate and entry-level graduate students on nano/micro-scale systems is summarized. Its formal components (instructional/intellectual objectives, course learning outcomes, and institutional objectives) are described. The focus in this article is, however, on the overall design and its conceptual framework of the course for cognitive understanding of nano/micro systems. The approach Hierarchy of Objects is based on the fact that the design of a system regardless of its length-or time-scale is integrated within a larger system, and its function and complexity defines its place in its integration scheme. In addition to several structural difficulties in the development of such a course covering heterogeneous topics, the key challenge for small colleges and universities is the lack of infrastructure to support the hands-on component of such a course. In collaboration with CNF at Cornell University, a model to overcome this challenge is introduced. Supported by an interdisciplinary team, a wide range of instructional materials have been developed and made available, including a number of modules from biosensors to nano-mechanics. A course web page is developed and used as a dissemination tool. The preparation of an outcome study on the student course satisfaction based on the course evaluation program is underway.
